Wild organisms are under increasing pressure to adapt rapidly to environmental changes. Predicting the impact of these changes on natural populations requires an understanding of the speed with which adaptive phenotypes can arise and spread, as well as of the underlying mechanisms. However, our understanding of these parameters is poor in natural populations. Here we use experimental and molecular approaches to investigate the recent emergence of resistance in eastern populations of North American house finches (Carpodacus mexicanus) to Mycoplasma galliseptum (MG), a severe conjunctivitis-causing bacterium. Two weeks following an experimental infection that took place in 2007, finches from eastern US populations with a 12-y history of exposure to MG harbored 33% lower MG loads in their conjunctivae than finches from western US populations with no prior exposure to MG. Using a cDNA microarray, we show that this phenotypic difference in resistance was associated with differences in splenic gene expression, with finches from the exposed populations up-regulating immune genes postinfection and those from the unexposed populations generally down-regulating them. The expression response of western US birds to experimental infection in 2007 was more similar to that of the eastern US birds studied in 2000, 7 y earlier in the epizootic, than to that of eastern birds in 2007. These results support the hypothesis that resistance has evolved by natural selection in the exposed populations over the 12 y of the epizootic. We hypothesize that host resistance arose and spread from standing genetic variation in the eastern US and highlight that natural selection can lead to rapid phenotypic evolution in populations when acting on such variation. genetic basis of resistance | host-parasite co-evolution | immunosuppression | quantitative RT-PCR | emerging disease
Wild organisms are under increasing pressure to adapt rapidly to environmental changes. Predicting the impact of these changes on natural populations requires an understanding of the speed with which adaptive phenotypes can arise and spread, as well as of the underlying mechanisms. However, our understanding of these parameters is poor in natural populations. Here we use experimental and molecular approaches to investigate the recent emergence of resistance in eastern populations of North American house finches (Carpodacus mexicanus) to Mycoplasma galliseptum (MG), a severe conjunctivitis-causing bacterium. Two weeks following an experimental infection that took place in 2007, finches from eastern US populations with a 12-y history of exposure to MG harbored 33% lower MG loads in their conjunctivae than finches from western US populations with no prior exposure to MG. Using a cDNA microarray, we show that this phenotypic difference in resistance was associated with differences in splenic gene expression, with finches from the exposed populations up-regulating immune genes postinfection and those from the unexposed populations generally down-regulating them. The expression response of western US birds to experimental infection in 2007 was more similar to that of the eastern US birds studied in 2000, 7 y earlier in the epizootic, than to that of eastern birds in 2007. These results support the hypothesis that resistance has evolved by natural selection in the exposed populations over the 12 y of the epizootic. We hypothesize that host resistance arose and spread from standing genetic variation in the eastern US and highlight that natural selection can lead to rapid phenotypic evolution in populations when acting on such variation. genetic basis of resistance | host-parasite co-evolution | immunosuppression | quantitative RT-PCR | emerging disease A pressing question in modern biology is how quickly natural populations can respond to anthropogenic selection pressures (1) . Integral to predicting evolvability is an understanding of the speed with which adaptive phenotypes can spread in a population and their underlying molecular bases. Adaptive phenotypic changes have been suggested to evolve rapidly in wild animals, sometimes within a few generations (2, 3) , but few studies confirm that such changes arise through the selection of adaptive genotypes rather than from plastic consequences of gene-by-environment interactions (4) . Although there is growing appreciation that phenotypic plasticity might play an important role in the evolution and spread of adaptive phenotypes, ultimately, evolution requires adaptive changes in gene frequencies (5, 6) . Studies that have been able to tease evidence of evolution from other mechanisms of phenotypic change not only provide some of the most convincing evidence of evolution by natural selection, but also enhance our understanding of evolvability and its underlying processes (7, 8) . However, identifying beneficial mutations and measuring their spread in response to a selective agent is not straightforward (8) (9) (10) . An alternative may be to identify apparent evidence of evolutionary change and then measure phenotypic and accompanying molecular changes within an experimental framework designed to rule out other sources of influence.
Host-parasite systems represent dynamic interactions and so provide outstanding models for studying evolutionary change (11, 12) . For example, when parasites represent novel and intense selection pressures, it is possible to document the spread of host resistance within populations over just a few generations (13) , as has been recorded recently in eastern US house finches (Carpodacus mexicanus) (14) (15) (16) . House finches are native to western North America, but in 1940 a founder population was introduced to the eastern United States near New York City. By 1990, house finches had spread throughout much of eastern North America and numbered over 100 million, although they remained geographically isolated from their western counterparts (17) . In 1994, Mycoplasma gallisepticum (MG), a bacterium found in poultry (18) but not in songbirds (19) , was detected in the eastern populations of house finches (20) . MG causes respiratory tract and conjunctivitis infections, and as a result, many millions of eastern house finches died between 1994 and 1998 (14) . Naturally infected captive finches confirmed mortality due to MG-induced conjunctivitis (21) (Fig. 1A ). However, declines in eastern populations began stabilizing in 1998-1999 (14) , experimental infections of 1999-born finches in Alabama showed precursory evidence of resistance (15, 16) , and evidence from this 2007 research shows MG conjunctivitis reduced to endemic levels (Materials and Methods).
MG is known for its ability to manipulate host immunity in poultry (22, 23) . At the onset of infection, MG triggers the upregulation of proinflammatory cytokines and chemokines (23, 24) and induces an inflammatory response (25) , which can cause damage to host epithelia (26) . In addition, MG can also have immunosuppressive effects (23) , particularly on later stages of the immune response (24) . For example, 1-2 wk postinfection, MG has been shown to be associated with a decline in the infiltration of T cells in the trachea (24) and a suppression of T-cell activity (22) in chicken (Gallus gallus domesticus). There is also evidence that infection with MG is associated with a reduced humoral antibody response to other pathogens (27, 28) . These immunomodulatory properties, be they induced directly or indirectly by MG, allow MG to evade and suppress host defenses (29) .
Changes in disease dynamics in eastern house finches appear to provide evidence of the rapid evolution of host resistance, but two other factors could drive the emergence of resistance: (i) phenotypic plasticity (including acquired immunity, maternal effects, and short/long-term condition-dependent effects) and (ii) attenuation of MG virulence. The aim of this study was to use experimental and molecular approaches in the above host-parasite system to test the basis for the apparent emergence of host resistance. We conducted an MG-infection experiment and compared MG loads and gene expression profiles 2 wk postinoculation in birds captured in 2007 from eastern (Alabama) and western (Arizona) US populations. We also compared these results to expression profiles previously published from a similar experiment conducted on birds captured in 2000 in Alabama (30) . MG was first detected in Alabama in 1995 (31) , but had never been reported in Arizona before 2009, despite long-term monitoring (32, 33) . Alabama and Arizona are at a similar latitude, and sampling was conducted at three different suburban sites in both states. In Arizona, the sites were 1-2 km apart and the birds were captured over 3 d (these sites are hereafter referred to as the Arizona population), whereas, in Alabama, the sites were 10-103 km apart and the birds were captured over the course of a month (these sites are hereafter referred to as the Alabama population). Birds were kept in identical conditions on ad libitum food and water for 3 mo before the onset of the experiment. All 2007 experimental birds were inoculated with the same January 2007 Alabama strain of MG (Materials and Methods). The 2000 study (30) was conducted using birds from the same Alabama population as the current study but infected with a 1999 strain of MG and took place before the spread of resistance in Alabama (15, 16) .
None of the birds that we used from either population had been exposed to MG during their lifetimes, as confirmed by both PCR and agglutination assays (Materials and Methods). This removes interpopulation differences in responses to infection caused by immune priming from prior exposure to MG. First, we tested whether birds from Alabama and Arizona in 2007 differed in their level of resistance to MG by quantifying MG load in the conjunctivae of birds 2 wk postinfection. Second, we assessed how birds from Alabama and Arizona differed in their response to infection by quantifying changes in gene expression, again after 2 wk. Third, we investigated how molecular responses to infection have changed over time by conducting a quantitative comparison of gene expression differences between birds captured from Arizona in 2007 and from Alabama in both 2000 and 2007 (30) .
Results
Population Differences in MG Load Following Experimental Infection.
If MG loads are lower in birds from Alabama than in birds from Arizona following maintenance in identical ad libitum conditions for 3 mo and infection with the same strain of MG, this would support the hypothesis of rapid evolution of resistance. In addition, it would rule out the possibility that emergence of resistance in the Alabama population resulted solely from (i) short-term environmental effects, such as improvements to individual body condition, or (ii) reductions in the virulence of MG. After controlling for the confounding influence of the amount of host tissue sampled (general linear model: F 1,21 = 9.41, P = 0.006), we found that MG load differed significantly between populations (F 1,21 = 13.0, P = 0.002, R 2 = 30%) ( Fig. 1B) . Birds from Alabama in 2007 already showed a 33% reduction in MG load in their conjunctivae 2 wk after experimental infection compared with birds from Arizona in 2007, a substantial difference given that mortality as a result of MG usually occurs 25-70 d after the onset of conjunctivitis (15) . These results support the hypothesis that birds have evolved resistance to MG in Alabama, but we as yet cannot rule out a confounding influence of long-term (life-long) differences in individual body condition. Fig. 2A ). Overall, after correcting for false discovery rates, 162 clones were found to be differentially expressed significantly; sequencing and blast searches in GenBank for vertebrate homologs revealed a subset of 52 genes of known function that were differentially expressed across at least one of these four comparisons ( Fig. 2B ; see SI Materials and Methods and Table S1 for details on gene functions).
Birds from the two populations in 2007 showed significant differences in both the number and the direction of expression changes following infection. First, a greater percentage in Alabama (38%) than in Arizona (21%) of the 52 genes of known function showed postinfection expression changes (comparison 1 vs. comparison 2; two-sample binomial test = 1.93, P = 0.05). This difference was generated by a greater percentage of genes in Arizona than in Alabama being down-regulated (80% of 20 vs. 27% of 11 genes; Fisher exact test, P = 0.007). Second, although 67% of the 52 genes were differentially expressed between control birds of the two populations (comparison 3), this increased to all 52 genes being differentially expressed between experimental birds of the two populations (comparison 4), representing a significant increase in between-population expression differences following infection (two-sample binomial test = −4.51, P < 0.001). Again, this difference was generated by a greater percentage of genes being expressed at lower levels in Arizona vs. Alabama (90% vs. 10%; two-sample binomial test = 8.24, P < 0.001).
The results above are largely driven by the differential expression of functionally relevant immune genes. Of the 52 genes showing differential expression in at least one of the four comparisons above ( Fig. 2 A and B) , we identified 16 that are known to be linked to immunity: 10 with direct immune function and 6 with auxiliary immune function ( Fig. 2C and Table S1 ). Given that (i) MG has immunosuppressive effects on later stages of host immunity (i.e., after 1-2 wk; see Introduction), (ii) the microarray consisted of clones differentially expressed between infected and control birds 2 wk postinfection, and (iii) we examined transcriptional changes occurring 2 wk postinfection, the hypothesis of recently evolved resistance would predict population differences in susceptibility to immunosuppression and in the ability of birds to mount an immune response against MG. More precisely, it would predict that the evolution of resistance to MG would be associated with a postinfection up-regulation of genes involved in immunity or immune activa-tion among finches from Alabama in 2007 and down-regulation of those genes in finches from Arizona in 2007.
In accordance with these predictions, of 11 immune-related genes differentially expressed between infected and control birds across both populations, 5 of 6 were down-regulated in Arizona and 5 of 5 were up-regulated in Alabama (comparisons 1 and 2; Fisher exact test, P = 0.015). In addition, of the 10 genes with direct immune function and the 6 genes with auxiliary immune function, 90% and 100%, respectively, displayed lower expression levels in infected birds from Arizona vs. Alabama (comparison 4) (one-sample binomial test = 14.25, P < 0.001). Taken together, these results independently suggest that MG infection
Fold difference in gene expression Fig. 2A ). Red and green indicate significantly higher and lower expression levels, respectively, with bright colors reflecting at least a threefold difference in magnitude and values in black indicating no difference. Comparisons in each of the four columns shown for first treatment/population vs. second one are outlined in Fig. 2A . The 52 genes included showed differential expression in at least one comparison (1-4) and were of known identity and function (see Table S1 for full details). Asterisks indicate genes with direct and auxiliary immune functions. (C) Fold difference in expression levels of immune (n = 10), immune-related (n = 6), and stress (n = 1) genes in comparison 4. Genes shown were differentially expressed and known to have direct immune (I1-I10), indirect immune (R1-R3; Si1, P1, C1), or stress (St1) functions (Table S1) is associated with the suppression of immunity in house finch hosts and that birds from Alabama are able to mount a more robust immune response to MG at the molecular level than birds from Arizona.
Population Changes in Gene Expression Patterns. We used quantitative comparisons of our 2007 expression patterns with those of a 2000 Alabama study to further test hypotheses regarding the emergence of resistance in eastern US house finches (Fig. S1) . Evidence against the MG-attenuation hypothesis as the only driver for the emergence of resistance would again be supported if expression patterns between infected and control birds in 2007 in Arizona (comparison 1) and in Alabama (comparison 2) were more similar to each other than to those of infected vs. control birds in Alabama in 2000, because the latter study used an earlier, potentially more virulent strain of MG. If long-term changes to individual body condition accounted for the emergence of resistance in eastern finches, then we would expect expression differences between infected and control birds to be a function of the site of origin; differences should be more similar between years within Alabama than between (Fig. S1B ). Thus, responses to infection were more similar between eastern and western birds with little or no evolved resistance to MG than among birds captured from the same sites but at different stages of the epizootic (Fisher exact test, P = 0.003). In addition, 12 of 14 genes up-or down-regulated following infection in Alabama in 2000 showed a reversed direction of expression difference when comparing infected birds between Alabama and Arizona in 2007 (comparison 4) (one-sample binomial test = 2.40, P = 0.016; Fig. S1B ). In other words, infected birds from a population before the spread of resistance to MG (Alabama 2000) expressed genes at lower levels than did control birds from the same population. Similarly, infected birds from a population that had never experienced MG (Arizona 2007) expressed genes at lower levels than infected birds from a population that had apparently evolved resistance to MG (Alabama 2007). Taken together, these results rule out MG-attenuation or long-term differences in body condition as likely explanations for the emergence of resistance in eastern house finches, but fully support all predictions of the evolution of resistance hypothesis.
Discussion
Two weeks following an experimental infection conducted on wild-caught house finches in 2007, we found that finches from populations in the eastern United States (Alabama), with 12 y of exposure to the conjunctivitis-causing bacterium MG in the wild, harbored 33% less MG in their conjunctivae than finches from populations in the western United States (Arizona), which had never experienced the disease. Furthermore, we detected distinct transcriptional responses between populations, both in terms of the number and the direction of expression changes, in response to experimental MG infection. In particular, infected birds from Arizona in 2007 showed significant down-regulation and reduced expression of immune-related genes compared with infected birds from Alabama in 2007. A comparison with a previous macroarray analysis of gene expression following similar experimental conditions (30) suggested that these transcriptional changes have evolved over the past 12 y in eastern finches and hence have accompanied the spread of resistance to MG.
Suggestions of rapid evolution based on phenotypic changes at the population level can often be attributed to phenotypic plasticity rather than to adaptive changes in gene frequencies (4, 34) . Phenotypic plasticity could account for the emergence of resistance in populations of eastern house finches if individuals were able to acquire immunity during their lifetimes and pass it on to following generations (35) , or if environmental conditions in the recent past (i.e., after 2000) were more conducive to resistance in the short or long term. Our experimental setup in conjunction with measurements of phenotypes at the organismal and molecular level allowed us to distinguish between competing hypotheses that could potentially explain the emergence of resistance in eastern populations of house finches.
First, the lack of previous exposure to MG of the actual birds used in this study meant that differences in MG-load or gene expression changes following experimental infection could not be explained by acquired immunity. An alternative explanation, however, is that infected mothers transmit antibodies against MG to developing offspring (35) , somehow conferring on them an early or more long-lasting advantage against MG. Although such maternal effects could facilitate the spread of MG resistance following an evolution of resistance, if maternal effects preceded the evolution of resistance, we would expect gene expression profiles at the two time points in Alabama to be more similar to each other than to Arizona in 2007. To the contrary, expression profiles in Alabama in 2000 were more similar to those in Arizona in 2007 than to those in Alabama in 2007. Furthermore, evidence of immunosuppression in Arizona in 2007 and in Alabama in 2000 suggested that the transmission of maternal antibodies against MG is unlikely to have driven changes in disease dynamics in the wild (see below). Second, by maintaining all birds in identical conditions for 3 mo before the onset of the experiment, we removed the possibility that the interpopulation differences in MG load and gene expression in 2007 could be caused by short-term condition dependence. Nevertheless, the 3-mo acclimatization period would not necessarily entirely eliminate all differences in long-term condition indices arising from differing developmental conditions between sites (36) . If ecological differences between Alabama and Arizona influence house finch immunity and gene expression, we would again expect expression profiles within Alabama to be more similar. As indicated above, this was not the case, suggesting that interpopulation differences in responses to MG infection were independent of any differences in ecological conditions. Finally, the greater similarity in expression patterns between Arizona in 2007 and Alabama in 2000 indicated that attenuation of MG between 2000 and 2007 could not exclusively explain our results either. Taken together, the best-supported explanation for our results is the evolution of host resistance by natural selection in eastern house finches over the 12-y period from the fall of 1995 to early 2007.
Examination of our gene expression profiles further supported this conclusion. MG is well known for its complex immunomodulatory effects in poultry, which include the suppression of important immune processes a week or two after MG inoculation (22, 23) . Consistent with the evolution of reduced susceptibility to immunomodulation, Alabama finches showed greater up-regulation (or increased expression compared with infected Arizona finches) of immune-related genes, 2 wk postinfection. Overall, all of the immune genes that were differentially expressed between infected vs. controls in Alabama in 2007 were up-regulated, whereas 83% of the differentially expressed immune genes between infected vs. controls in Arizona in 2007 were down-regulated. In addition, all but one of the immune-related genes was expressed at higher levels in the infected birds from Alabama vs. Arizona. One gene (hCG40889 or complement factor H) revealed an illuminating exception to this pattern. Complement factor H restricts the activation of the complement cascade to protect host cells and tissues (Table S1) , and unlike the other 15 immune-related genes that are all involved with counteracting infections (Table S1 ), this gene exhibited an expression direction opposite to that expected (37) . Under MG-induced immunosuppression, an opposite expression pattern of complement factor H relative to other immune-related genes identified would be expected. Thus, the apparent exception is actually consistent rather than anomalous, and our results strongly suggest that birds from Alabama in 2007 have evolved resistance to infections with MG and are able to counter MG-induced immunosuppression, an observation with important implications for the evolution of immunity in vertebrates (38) .
Evolution can arise through the emergence and subsequent selection of a novel mutation or through selection on existing (standing) variation in the population (39) . Experiments with Escherichia coli reveal that adaptive mutations typically arise over hundreds or thousands of generations (8) . Our evidence that eastern house finches evolved resistance within 12 y suggests that genetic variability in resistance to MG existed at the time of outbreak. Selection by MG would then have produced a shift in allelic frequency reflected in the change in gene expression in the eastern US finches over time, resulting in population-level changes in resistance to MG. In addition to helping us understand the evolvability of wild populations, our results may also help us predict the impact of an outbreak of MG that would reach Arizona. Given that the eastern US finch population originated from western US birds, it is reasonable to assume that standing variation for resistance is present in Arizona. Furthermore, in our infection experiments, the MG load detected in the conjunctivae of 2 of the 11 experimentally infected Arizona birds ranked among those of the 10 Alabama birds (after excluding an individual from Alabama that showed no signs of resistance to MG; Fig. 1B) . A simple extrapolation suggests that at least 2 in every 11 birds (∼20%) would be likely to resist an MG outbreak in Arizona, which is close to the estimated 30% that survived the outbreak in Alabama (http://birds.audubon. org/historical-results), but this will also depend on the virulence of MG (40) .
In conclusion, there are important implications from the observation that house finches exposed to MG have evolved resistance through changes in the expression of functionally relevant genes within only 12 y. Few studies have shown that adaptive phenotypes can spread rapidly in wild vertebrate populations (3, 10) . In addition, we show that such a spread is associated with changes in functionally relevant gene expression, an observation predicted by current evolutionary theory (34) , but previously confined to selection experiments in the laboratory (7) . Furthermore, although differences in gene expression have been hypothesized to indicate evolution in wild populations (41) (42) (43) , the validity of this scenario requires evidence that observed differences have changed over time in response to an identified selective agent and also have functional significance (44) . Our study lends weight to the suggestion that differences in gene expression in the wild can reflect adaptive evolution (41) (42) (43) and indicates that population evolvability can be extremely rapid where sufficient standing variation exists.
Materials and Methods
In early 2007, male birds were captured in Alabama and Arizona and immediately transported to aviaries at Auburn University by plane (Arizona) or car (Alabama). Throughout, males were caged in pairs in two identical temperaturecontrolled rooms and fed and watered ad libitum. Birds from Alabama and Arizona were kept in separate rooms for the first months to monitor for signs of MG. Following quarantine, prior exposure to MG was investigated using serum plate agglutination assay and amplification of MG DNA from choanal and conjunctival swabs (SI Materials and Methods). Overall, 12 birds were removed from the study; no birds used in this study were found to be currently or previously infected with MG. Birds from each population were randomly assigned to sham-inoculated control (n = 11 Arizona vs. n = 9 Alabama) or MG-inoculated experimental (n = 11 Arizona vs. n = 12 Alabama) treatments. Infected birds were inoculated with 20 μL of culture containing 1 × 10 4 to 1 × 10 6 color-changing units −1 of a January 2007 Alabama MG isolate, whereas controls were given the same volume of sterile SP4 medium. Infected and control birds were kept in separate rooms in identical conditions. Two weeks posttreatment, birds were euthanized, and spleens and conjunctivae were immediately removed and stored in RNAlater (Ambion) at −80°C (SI Materials and Methods). Protocols were approved by Auburn University Institutional Animal Care and Use Committee permit (#2007-1179) and by an Auburn University Institutional Biological Use Authorization (#243).
We determined the levels of MG in one of the two conjunctivae selected at random from each infected bird using TaqMan qRT-PCR amplification of the mgc2 gene (SI Materials and Methods). We then determined splenic transcript levels using a cDNA microarray (SI Materials and Methods). The microarrays were printed with a selection of cDNA clones from two substraction suppression hybridization libraries enriched in clones differentially expressed between MG-infected and control house finches 2 wk postinfection (n = 16,512 clones) (30) . Of these, 220 were previously identified as significantly differentially expressed between infected and controls using a macroarray approach (30) . The microarray constructed here consisted of unique amplicons of these 220 clones, as well as 694 randomly selected clones from the enriched libraries (SI Materials and Methods). We determined the gene ontology category and function of differentially expressed genes using Harvester (http://harvester.fzk.de/harvester/). Minimum Information About a Microarray Experiment is available at http://www.ecoex-moulis.cnrs.fr or by request to C.B.
Microarray Analysis. We normalized the log base-2 measurements of mean fluorescence intensities for each dye channel in each spot on the array using R software (http://www.r-project.org) and a Matlab interface (MArray), which allows results to be graphically presented and normalized (45) (SI Materials and Methods). Normalized signal ratios were then fitted to the linear model for microarray data (LIMMA) in an R Bioconductor package; LIMMA is similar to a general linear model but provides false-discovery-rate-adjusted probability values of differential expression. This approach controls for multiple comparisons in microarray data, substantially reducing the probability of discovsering false positives (type I errors) (46) . The model followed the following format: Y ijc = μ + A i + B j + AB ij + ε ijc, where Y ijc is the log 2 measurement for a particular clone (c), from a particular treatment (i) and a particular population of origin (j), μ is the parametric mean, A and B correspond to the single-factor effects (treatment and population of origin, respectively), AB is the two-way interaction between the two main effects, and ε is the residual between the data and the model. Microarray results were validated using independent estimates measured with qRT-PCR (SI Materials and Methods).
